Since the original description of an RNAdirected DNA polymerase in RNA tumor viruses (1, 21) , most RNA tumor viruses examined, both type-B and type-C, were found to contain this enzyme (20) . Avian myeloblastosis virus (AMV) was the source for the first rigorous purification of this enzyme (8) . Some recently reported immunological data indicate that important differences exist among some viral DNA polymerases. Specifically, antiserum to the enzyme from type-C murine virus inhibits the polymerases from other mammalian type-C viruses, and there appears to be more relatedness to polymerases from virus of other lower mammals than to those from primates. Moreover, little or no immunological similarity was found between the polymerases from mammalian type-C viruses and polymerases from avian or from type-B mammalian virus (17) . It was, then, of interest to determine some detailed biochemical and biophysical properties of purified DNA polymerases from different oncornaviruses, especially those shown to be immunologically different, and to ascertain which properties were common and which were variable. Moreover, our interest in a viral-like RNAdirected DNA polymerase associated with blast cells from some humans with acute leukemia (14; R. C. Gallo, P. S. Sarin, R. G. Smith, S. N. Bobrow, M. G. Sarngadharan, M. S. Reitz, and J. W. Abrell, Proc. Second Steenbock Symp., in press) and the recent demonstration that this human cellular enzyme is closely related immunologically to RNA-directed DNA polymerase from primate type-C viruses (G. J. Todaro and R. C. Gallo, Proc. IV Lepetit Colloq., in press), especially stimulated our interest in a detailed study of the polymerases from two proven primate viruses grown in primate cells (9, 26) .
In this report, we describe the biochemical and biophysical properties of the purified DNA polymerases originally isolated from a monkey breast tumor (4, 12) , and from the woolley monkey virus (simian sarcoma virus), a type-C particle isolated from a fibrosarcoma of a woolly monkey (22) . This latter virus has been shown to have a nontransforming associated virus, which is present in a 10-to 100-fold excess over the sarcoma virus (27) . Similarities and differences for the two DNA polymerases from the primate viral preparation are noted and, in turn, compared to the DNA polymerases from type-C virus of a lower mammal (Rauscher ABRELL AND GALLO leukemia virus [RLV] ) and to the previously described biochemical properties of the polymerase from AMV. MATERIALS (Elkhart, Ind.). P-L Biochemicals also was a source for the duplexes poly (dA)-(dT) 12-18 and poly (A) (dT)12 18; Sigma Chemical Co. (St. Louis, Mo.) supplied the native calf thymus DNA; and Calbiochem (La Jolla, Calif.) supplied the salmon sperm DNA, which was subsequently converted to the activated form with DNase I by using the procedure of Schlaback et al. (15) . AMV 70S RNA was prepared as described previously (13) .
Proteins. DNase I (bovine pancreas) was purchased from both Calbiochem and Sigma Chemical Co. Bovine The template concentration was 20 gg/ml for poly (dT)-poly (A) and oligo (dT)-poly (A), but 60 ug/ml for poly d(A-T) and activated DNA. The reactions were terminated by the addition of 50 gg of carrier tRNA and 2 ml of 10% trichloroacetic acid containing 0.02 M sodium pyrophosphate. After 10 min at 0 C, the acid-insoluble material was collected by filtration on nitrocellulose filters. After drying, the filters were counted in Liquifluor solution by a liquid scintillation counter. The only variations to the above assay conditions were the replacement of magnesium chloride with 1 mM manganese chloride for DNA polymerase from the two type-C viruses, and increase of potassium chloride to 80 mM for the woolly monkey virus enzyme.
Preparation of M-PMV DNA polymerase: virus preparation. The virus suspension was subjected to centrifugation at 100,000 x g for 1 h to obtain a viral pellet which was then used for the polymerase extraction. No variation of the extraction procedure was necessary to accommodate the differences in virus homogeneity between the pelleted suspension or preparations which were purified further before disruption. The methods employed for further purification of the commercial virus before collection of a 100,000
x g viral pellet were either to centrifuge through a 20% glycerol column onto a 100% glycerol cushion, or to reband the virus on a continuous glycerol gradient of 20 to 80%. After either of these two procedures, the virus was then collected as a 100,000 x g pellet.
DNA polymerase extraction. Extraction of the DNA polymerase activitv from 10 mg of frozen virus pellet commenced with the addition of The fractions were assayed for DNA polymerase DNA POLYMERASES OF PRIMATE RNA TUMOR VIRUSES activity to define the elution profile of the enzyme(s). Generally, the enzyme activity eluted with the buffer containing 0.05 M sodium chloride. On occasion, some DNA polymerase activity eluted with the 0.3 M salt, but this was always less than 10% of the total enzyme activity. Elutions with higher salt concentrations, 0.5 M or 0.7 M, yielded no further DNA polymerase activity. The nucleic acid fractions which eluted at the higher salt concentrations contain DNA which could serve as template for the enzyme.
The enzyme activity which eluted with the 0.05 M salt was pooled and dialyzed against two 1-liter portions of buffer B (0.05 M Tris [pH 7.9], 0.05 M NaCl, 0.001 M EDTA, 0.001 M DDT, 20% glycerol). Any DNA polymerase which eluted with the 0.3 M salt was treated in a similar fashion.
Phosphoceliulose chromatography and enzyme concentration. The dialyzed DEAE-cellulose enzyme was applied to a 10-ml Whatman P-11 phosphocellulose column (1.4 by 7 cm) which had been equilibrated with buffer B. The column was developed with a 200-ml linear sodium chloride gradient from 0.1 to 0.5 M in buffer B. Gradients continued to higher sodium chloride concentrations produced no additional DNA polymerases. The fractions constituting each peak of enzymatic activity were pooled and dialyzed against buffer C (30% polyethylene glycol, 0.05 M Tris [pH 7 .9], 0.05 M NaCl, 0.001 M DDT, 0.001 M EDTA, 20% glycerol). This latter procedure concentrated the enzymatic activity and adjusted the sodium chloride concentrations to 0.05 M. Unless otherwise stated, this concentrated enzyme pool was used in the experiments cited for characterization.
Preparation of other DNA polymerases. The RLV and woolly monkey virus were extracted by the same procedure given for M-PMV. The DNA polymerase activities of these two type-C viruses behaved on both DEAE-cellulose and phosphocellulose the same as the DNA polymerase activity from M-PMV.
Estimations of molecular weights of the DNA polymerases: sucrose gradient. Density gradient centrifugation was done by the procedure of Martin and Ames (11) (24) . The primate viral DNA polymerases were subjected to this procedure. Before applying the enzyme solution in the gel, a further 10-fold concentration of the protein was necessary to obtain a protein level which could be visualized by the Coomassie blue staining procedure (5) . The concentration was achieved by dialysis against buffer C. Markers used for the disk gel analysis were bovine serum albumin and ovalbumin.
Protein determinations were done by a micro adaptation of the procedure of Lowry et al. (10) .
RESULTS
Purification of M-PMV DNA polymerase. Endogenous ribonuclease A-sensitive DNA synthesis (no added template-primer) is associated with the M-PMV DNA polymerase until the DEAE-cellulose chromatography step. Since much of the viral protein, including a major portion of the DNA polymerase activity, elutes from DEAE-cellulose with the 0.05 M sodium chloride buffer, this step is useful primarily for removal of nucleic acids. The subsequent phosphocellulose column chromatography (Fig. 1) produces the DNA polymerase activity at approximately 0.15 M sodium chloride. The phosphocellulose step achieves the major purification, approximately 100-fold over the DEAE-cellulose step. Table 1 Estimations of molecular weights of the viral polymerases. The apparent molecular weight of the M-PMV DNA polymerase, assuming a globular shape, is approximately 110,000, whereas the woolly monkey virus and RLV enzymes are approximately 70,000. Figure 2 shows the sucrose gradient analyses for the three viral DNA polymerases. Losses of 60 to 80% of DNA polymerase are sustained during the sucrose gradient sizing procedure. The apparent molecular weights are given in Table 2 . By this procedure, the M-PMV DNA polymerase has an apparent molecular weight of 110,000, which is heavier than the value previously reported (23) . The two DNA polymerases from the type-C viruses, RLV and woolly monkey virus, have an apparent molecular weight of 70,000.
Disk gel electrophoreses were performed to determine the purity of the M-PMV and woolly monkey virus enzyme preparations and to further verify the molecular size estimates made by the previous method. The results of SDS disk gel electrophoresis of the preparations from various steps in the purification of the M-PMV and woolly monkey virus DNA polymerases are shown in Fig. 3 plexes and native DNA are relatively poor template-primers for the viral DNA polymerases.
The ratio of reaction with the template-primers poly (A) -(dT) 12-18 over poly (dA) (dT) 12-18 iS 60-100 to 1 with the three viral DNA polymerases in the presence of the divalent cation of choice. However, that ratio is reduced to 10-20 to 1 when the divalent cation is changed to Mn2+ in the case of M-PMV enzyme or Mg2+ for the enzymes from the two C-type particles. Similarly, the ratio of poly (A) (dT) [12] [13] [14] [15] [16] [17] [18] Fig.  4 . The M-PMV enzyme shows maximum activity between 4 to 8 mM Mg2+ (Fig. 4A) , whereas the woolly monkey DNA polymerase prefers Mn2+ within the narrow range of 0.8 to 1.5 mM (Fig. 4B) . The concentrations used in the standard assay are 5 mM Mg2+ and 1 mM Mn2+ for the M-PMV and woolly monkey virus enzyme, respectively. Template specificities. The three viral DNA polymerases have template specificities as previously described (2, 6, 13) for other RNA tumor virus DNA polymerases. The response of the purified enzymes to the various natural DNA and synthetic templates is shown in Table 4 . As noted elsewhere, the viral DNA polymerases have a strong preference for some synthetic RNA-DNA hybrids and relatively less response to activated DNA. Of the RNA-DNA duplexes, poly (dT) -poly (A) was the template best transcribed by both primate viral DNA polymerases. These two DNA polymerases also utilize bNT, Not tested.
In In DNA are given in Table 5 . These determinations were made with the same enzyme preparation and one preparation of each template. Variation has been found in the template preparations, between the different commercial suppliers, as well as with different lot numbers from the same supplier, but these variations can be minimized when the template concentration is kept well above the calculated Km.
Transcription of AMV 70S RNA by the M-PMV and woolly monkey virus DNA polymerases was achieved only in the presence of added primer such as (dT),2,8. Table 6 contains the results observed with the natural RNA templates. The results with the AMV DNA polymerase are included to demonstrate that the RNA used can be transcribed by viral DNA polymerase. With the (dT) 12. 8-primed AMV 70S RNA template, both primate viral enzymes catalyze the incorporation of all four deoxyribonucleotides. However, with M-PMV enzyme TMP incorporation into product occurs in approximately fivefold excess over any one of the other Poly (G) (dC) 12-18 0.6 0.9 0.3 a The standard assay for each enzyme was run for 30 min (see Materials and Methods). The MasonPfizer monkey viral enzyme was incubated at 37 C, while the other two were incubated at 30 C. Within an enzyme template set, the amount of polymerase added was constant. All the assays were done as described in Materials and Methods with the most pure enzyme fraction. The DNA duplex concentrations (synthetic and natural) in the assays were 60 Lg/ml, while the RNA-DNA duplex concentrations were 20 ,g/ml. 3H-TMP was the label used for all the templates except poly (C) .(dG) 12-18 and poly (G) (dC) 12 18. 3H-dGMP was incorporated into product with poly (C) (dG) 12-18 as template and 3H-dCMP for the poly (G) (dC) 2-8 template. The enzyme was measured in picomoles of labeled deoxynucleotide incorporated per microgram of protein. Evidence that the enzyme isolated from the M-PMV is not a terminal addition enzyme is provided with experiments deleting the individual deoxyribonucleoside triphosphates from the assay in which activated DNA is the template. As shown in Table 7 , omission of any one of the four deoxyribonucleoside triphosphates markedly reduces synthesis of DNA.
pH and salt optima. The dependence of DNA polymerase activity on pH for both primate viral enzymes was examined in three buffer systems-Tris (pH 7.3-8.3), phosphate (pH 6.6-8.0), and imidazole (pH 6.6-7.7) (Fig.  5) . The lower ranges of the Tris buffer appear to be the areas of maximal activity for both polymerases.
Each of the two primate viral DNA polymerases display different sensitivities to the potassium chloride concentration. The M-PMV enzyme has a potassium chloride optimum between 20 and 60 mM (Fig. 6A) , while the optimum for the woolly monkey viral enzyme is between 80 and 110 mM (Fig. 6B ). Both enzymes work less effectively with sodium chloride, although the M-PMV enzyme will tolerate a wide concentration range of this salt (5 mM-200 mM). However, the woolly monkey (16, 20) . The classification of this virus as either type-C or type-B was difficult because of its mixed properties; e. g., its budding process resembles that of the murine mammary tumor virus (type-B), but the smooth viral envelope is similar to that of murine leukemia virus (type-C) (9). In addition, unlike known type-B or type-C particles, the M-PMV has been described as unusually fragile, a condition which has been attributed to an inherent tendency of the supercoiled nucleocapsid to unwind when pressure is applied to the virion envelope (9) .
The other primate virus studied for this report was the woolly monkey virus, which originated from a naturally occurring fibrosarcoma in a woolly monkey. The classification of this virus as type-C was based upon morphological criteria (22) . Subsequent investigations have shown that this sarcoma virus has a nontransforming associated virus (27) .
These two proven primate RNA viruses, as well as RLV, were used as sources for viral DNA polymerases. Some biophysical and biochemical properties of these enzymes were compared, including their molecular size, template specificities, divalent cation preference, monovalent cation optimum, and pH optimum. The three mammalian viral DNA polymerases isolated for this study display some common template specificities which allow them to be distinguished from the major cellular DNA polymerases. Three purified DNA polymerases from normal human lymphocytes, stimulated with phytohemagglutinin, have a strong preference for the primer-template (dT)12-18 poly (dA) over (dT)12 18 poly (A) (3, 19) . These results with cellular DNA polymerases are in agreement with previous reports on similar systems (6, 13) . Conversely, as previously reported (2, 6, 13) , and reconfirmed here, the RNA tumor virus DNA polymerases have a strong preference for primer-template (dT)12-18 poly (A) over (dT) 12-18.poly (dA).
The M-PMV enzyme has some properties in common with a poly (dT) polymerase which has been found in intracisternal type-A particles (25) . This enzyme is very efficient at poly (dT) synthesis with the synthetic template-primer poly (A) .(dT) with Mg2+ as the divalent cation of choice (25) . With Mn2+ or with a DNA template, natural or synthetic, this enzyme from A-particles has little or no activity (25) . The M-PMV DNA polymerase is also very efficient at poly (dT) synthesis and prefers Mg2+. However, in contrast to the type-A particle enzyme, the M-PMV DNA polymerase is almost as efficient at poly (dG) synthesis (see Table 6 ). In addition, M-PMV DNA polymerase repair activated DNA, incorporating all four deoxyribonucleotides into the product.
The similarities among the RNA tumor virus DNA polymerases appear to reside mostly in their template specificities and their properties to adsorb to ion exchange celluloses. All three mammalian viral DNA polymerases were extracted and purified by the same procedure. The three enzymes exhibited similar elution patterns on both DEAE-cellulose and phosphocellulose. In addition, the template specificities are almost identical. In fact, the two primate viral DNA polymerases have the same order of preference for the series of templateprimers tested.
The differences among the viral DNA polymerases emerged primarily from the molecular weight determinations and divalent cation requirements for polymerization activity. Other response to differences for optimal activity were found in salt requirements and the three buffer systems tested. The differences in the biochemical and biophysical behavior of the three mammalian viral DNA polymerases are probably not a function of the isolation procedure. The two primate viral enzymes differ strikingly in their requirements for maximal activity; more similarity exists between the two type-C viral polymerases then between the two primate enzymes. These biochemical results indicate, therefore, that not all RNA tumor virus DNA polymerases are identical. This is in keeping with the immunological data showing differences in antisera response between type-C and other RNA tumor viruses and also between type-C viruses originating in primates and those derived from lower-order mammals (17, 18) .
